Abstract. This study compares two methods of analyzing the stationarity of time series -the Spearman test and the Mann-Kendall test, with the formula adjusted by Hamed and Rao. Daily discharge series collected at 78 gauging stations were compared for a period of 30 years. The study area consisted of the right-bank area of the Upper Vistula River catchment. Low-flow periods were identified via the pit under threshold method (PUT). Threshold discharge values in the study were represented by Q 70% , Q 80% , and Q 90% . Maximum annual durations T maxR,i , (i = 1, 2, ..., 30 lowflow periods) were identified for assumed threshold discharge values based on low-flow period duration series for selected gauging stations. Research on the stationarity of T maxR series for most of the studied water gauging stations has shown an absence of a basis for the rejection of the hypothesis of a lack of a trend for peak low-flow period duration relative to time, independently of assumed threshold discharge. Most of the detected trends are decreasing trends. The lower the threshold discharge value, the larger the number of T maxR series being non-stationary. The Spearman test detected more non-stationary series than the Mann-Kendall test for the studied gauging stations, independently of assumed threshold discharge values.
Introduction
The evaluation of seasonal and multi-annual variability of river discharge, including variability of the occurrence and characteristics of low-flow periods, is one of the most important themes in modern hydrology. Multi-annual variability of discharge time series, including periods of low flow, has been analyzed in a large number of papers. Trend analyses included a number of different tests including non-parametric tests such as the Mann-Kendall test and the rank correlation test by Spearman [1] [2] [3] [4] [5] [6] [7] . Work by Yue et al. [8] has shown that these two tests are almost equally powerful in the identification of trends in time series.
A low-flow event represents a process of continuous water discharge at a given gauging station below an assumed threshold level [9] [10] [11] [12] [13] . For the pit under threshold method (PUT) [14] , the onset t p of a low-flow period occurs at the moment when discharge decreases below a threshold value Q g and the end t k of a low-flow period occurs when discharge once again exceeds the value Q g . The low-flow duration t n is measured in 24-hour periods in the form: t n = t k -t p +1. In order to eliminate short durations with discharge less than Q g that are considered irrelevant from the perspective of water shortages, the following assumption is also employed: minimum low-flow duration t min . In the research literature, this value ranges broadly from 5 days to 21 days [9, [15] [16] [17] [18] [19] . If two adjacent low-flow periods are separated by a few days when discharge is greater than the threshold value Q g , then one may consider these periods to be dependent in order to combine them into a longer time period. In most cases, durations for each low-flow period are added together [10, [15] [16] [17] [18] [19] .
In this paper, a maximum annual low-flow period is defined as a low-flow period with a longest duration over the course of the hydrologic year. If a low-flow period starts during one year and ends during another, then it is assigned to the year when its middle happens to occur.
The purpose of the paper is to compare two methods of analyzing the stationarity of time series for maximum low-flow periods measured at 78 water gauging stations in the catchment of the Upper Vistula River in southeastern Poland. The two methods are the rank correlation test by Spearman and the Mann-Kendall test adjusted by Hamed and Rao, which considers the issue of autocorrelation in time series [20] .
Materials
The study is based on daily discharge series for the period from 1.11.1983 to 31.10.2013. This yields a total of 30 hydrologic years and 10,958 discharge values obtained at each of 78 water gauging stations located across the right-bank area of the Upper Vistula River. The data were obtained from the Institute of Meteorology and Water ManagementNational Research Institute (IMWM-NRI). The location of the sites is shown in Fig. 1 . Most of the rivers in the study (68 of 78) featuring water gauging stations are secondorder and third-order rivers. About half of the studied catchments (42 of 78) have surface areas ranging from 100 to 1,000 km 2 . Most of the water gauges used in the study are located at sites found below 400 meters above sea level.
Low-flow periods were identified using the PUT method. Threshold discharge values for this study were assumed to be ones with an exceedance probability of 0.7, 0.8, and 0.9 (Q 70% , Q 80% , Q 90% ), as read from the flow duration curve. It was also assumed that a single low-flow period must last at least 7 days. Furthermore, if the time gap between 2 consecutive low-flow periods was shorter than 4 days, then the two periods were combined into one period.
Maximum durations time series T maxR,i (i = 1, 2, ..., 30 maximum annual low-flow periods) were identified for assumed threshold discharge values based on a series of lowflow period durations observed at selected water gauging stations in the study area.
The 
Methods
Trend analysis was performed via both the Mann-Kendall and Spearman tests for every time series for maximum low-flow periods T maxR,i , i = 1, 2, …, 30. Both tests are nonparametric, and are designed to verify hypothesis H 0 on the absence of a trend in a time series T maxR,i , and more precisely that variables T maxR,i are independent and feature identical distributions, with an alternative hypothesis H 1 on the presence of a monotonic trend in time series T maxR,i .
The Mann-Kendall trend test
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where:
When H 0 is true, the mean and variance of S are given by:
The above equality (4) occurs when there are no repeated elements of a time series (socalled ties). If there are more than a few repeating elements, then the formula (4) needs to be adjusted, which yields the following form [21] :
where t i , i = 1, 2, …, k, indicates that there exists a number of groups with k repeating elements.
Kendall [22] proved that when n > 10, then the test statistic:
approximately follows the standard normal distribution N(0;1). If the p v -value of the hypothesis test is equal to the chosen significance level (α = 5%), the null hypothesis must be rejected. The basic assumption when using this test is a lack of autocorrelation in the data series. If this condition is not met and autocorrelation is positive, then the variance var(S) is underestimated. Bayley and Hammersley [20] introduced a variance adjustment:
when using "an effective number of observations S n ," which Hamed and Rao [20] suggest to determine using the following formula:
where n is the number of observations and U S (i) is the autocorrelation function for observation ranks. The variance adjustment is only calculated for data whose autocorrelations are significant at 5% level.
The variance var(S) in (6) is replaced by var*(S) from (7) and the rest of the testing process is the same as in (6) (i.e. comparing the values of U with the quantiles of N(0;1) corresponding to the type I error of the test).
The Spearman trend test
Let X i , i = 1, 2, …, n, be a time series. The test statistic is defined as [8, 10, 11, 21, 23] :
where R(X i ) is the rank of observation X i . Repeating values (or ties) are assigned a mean rank.
If n ≥ 10 [24] , then the test statistic
follows Student's distribution with n -2 degrees of freedom. If the p v -value of the hypothesis test is equal to the chosen significance level (α = 5%), the null hypothesis must be rejected.
Results
The Mann-Kendall and Spearman tests were used to analyze multi-annual variability trends for time series T maxR,i (i = 1, 2, …, 30) for low-flow periods, given three threshold values of discharge (Q 70% , Q 80% , Q 90% ) and data from 78 water gauging stations spread across the right bank of the Upper Vistula catchment. The p v values obtained for the hypotheses of both examined tests (p v,MK -Mann-Kendall test, p v,S -Spearman test) resemble one another for all the considered cases (Fig. 4) . Research on the stationarity of T maxR series at most water gauging stations in the study area has shown the lack of a basis for the rejection of the hypothesis on the absence of a trend in the maximum duration T maxR of low-flow periods relative to time, independently of the assumed threshold discharge value. by the Spearman test (marked as asterisk). The lower the threshold discharge, the larger the number of cases where T maxR series are non-stationary; at the threshold discharge Q 80% both tests showed a trend in five cases, while at Q 90% the number of cases was 11. The Spearman test yields a larger number of series characterized by non-stationarity than the MannKendall test for the studied water gauging stations, independently of the assumed threshold discharge value (Q 70% : one more case, Q 80% and Q 90% : two more cases). Figure 6 shows the spatial distribution of water gauging stations and associated stationarity information for time series for the studied maximum T maxR low-flow periods. Fig. 6 . Location of water gauging stations and information on series stationarity for maximum lowflow periods T maxR with respect to the test employed and the threshold discharge value. Figure 7 shows the multi-annual T maxR distribution for all cases where at least one of the tests yields a trend for a T maxR series, or more specifically when p v,MK < 5% and p v,S < 5% (frameless graphs) and p v,MK ≥ 5% and p v,S < 5% (framed graphs). The observed trends are mostly decreasing trends. Both tests indicated the presence of a trend only in the case of the Czechowice-Bestwina station located on the Biała River (gauge no. 7), independently of the assumed threshold discharge value, with the p v -value of the hypothesis test at less than 1%. In the case of 14 of 78 gauging stations, at least one of the examined tests showed the presence of a trend for a T maxR series for at least one threshold discharge value.
Fig. 7.
T maxR values over the long term for cases where at least one of two tests indicated the presence of a trend -frameless graphs: p v,MK < 5% and p v,S < 5%; framed graphs: p v,MK ≥ 5% and p v,S < 5%; abbreviation gs 7 denotes river gauging station number 7. The lines are constructed using OLS method.
Final remarks
Research on the stationarity of T maxR series -for most water gauging stations -has shown a lack of a basis for the rejection of the hypothesis on the absence of a trend for maximum duration T maxR for low-flow periods with respect to time, independently of threshold discharge values assumed in the study. In the case of 14 of 78 water gauging stations, at least one of the two tests examined did indicate non-stationarity for at least one threshold discharge value. Most of the trends noted in this study are decreasing trends. Comparative analysis has shown that the lower the threshold discharge value, the higher the number of cases where T maxR series are non-stationary. The Spearman test yields a larger number of series characterized by non-stationarity than the Mann-Kendall test for the studied water gauging stations, independently of the assumed threshold discharge value. The inflation of the variance of the test statistic caused by positive autocorrelation may be the reason. Although the tests are very similar, only the MK test takes into account this autocorrelation. The largest probability of non-stationarity was noted for the CzechowiceBestwina gauging station on the Biała River, with a very low (less than 1%) p v -value of the null hypothesis.
This study was part of a larger research endeavor: "The influence of anthropogenic factors on qualitative and quantitative properties of hydrological processes in the catchment", task 3: Analysis of low flow properties in the Carpathian area of the Upper Vistula River basin. The data has been provided by the Institute of Meteorology and Water Management, National Research Institute.
